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Orifices 


THE FLOW OF AIR THROUGH CIRCULAR ORIFICES WITH 
ROUNDED APPROACH DISCHARGING INTO 
THE ATMOSPHERE 


I. INTRODUCTION 


1. Purpose.—The purpose of this investigation was to make a 
study of the flow of air through orifices by a precision method, and to 
determine coefficients to be applied to Fliegner’s formula for the flow 
of air. Briefly, the method consisted of weighing the air discharged 
per unit of time while maintaining control of pressure on the inlet side 
of the orifice. This method will be referred to as the ‘“‘weighing tank 
method,” and has been previously described in Bulletin No. 120.* 


2. Scope.—In this investigation 

(1) Ordinary atmospheric air was compressed and stored in the 
weighing tank with no particular attempt to remove the moisture or 
control the humidity. 

(2) The pressures on the inlet side of the orifices were varied from 
1 in. of water to 35 in. of mercury. 

(3) No attempt was made to hold the temperature constant; it 
varied slightly from room temperature. 

(4) Only one type of orifice was used, namely, a circular orifice 
with rounded approach; the diameters of the smallest sections varied 
from 14 in. to 1 in. 

(5) Duplicate orifices were tested to determine the accuracy of 
duplication. 


3. Acknowledgments.—This investigation was made under the aus- 
pices of the Engineering Experiment Station of the University of Ih- 
nois, of which Dran M.S. Kuetcuum is the Director. The work was 
carried out as one of the investigations of the Department of Mechan- 
ical Engineering, of which Pror. A. C. WiLuLarp is the head. G. A. 
GoopENOUGH, Professor of Thermodynamics, and A. P. Krarz, Re- 
search Professor in Mechanical Engineering, gave valuable advice and 
suggestions. Valuable assistance and helpful suggestions were also 
given by C. G. Brapuey, laboratory mechanician. 


*“Investigation of Warm Air Furnaces and Heating Systems,” Univ. of Ill. Eng. Exp. Sta. Bul. 
120, 1921. 
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II. ReLations BETWEEN PRESSURE, TEMPERATURE, AND WEIGHT 
oF AiR DISCHARGED 


4. Adiabatic Flow.—On the assumption that air is essentially a 
perfect gas under the conditions of entrance to the orifice and that the 
flow is adiabatic, the weight M, in lb. per min. discharged, is* 


1 
2 k+1 $ 


i= tog azo Eas (1) 
k—-1V;, 12s IPA 


in which 


a = area of smallest section of throat of orifice, sq. in. 
= acceleration of gravity, 32.2 ft. per sec. per sec. 
= ratio of specific heat at constant pressure to specific heat at 
constant volume, 1.4. 
P, = absolute pressure of air on entrance side of orifice, lb. per 
sq. in. 
Vi = specific volume of air on entrance side of orifice, cu. ft. per Ib. 


ce) 


T, = absolute temperature of air on entrance side of orifice, 
deg. F. 
P = absolute pressure of air in throat of orifice, lb. per sq. in. 


This expression may be reduced to simpler terms by substituting 
the constant values of g = 32.2; k = 1.4. 


Py _ Py 
Ve SBT. 
where B has the value 53.34. 
P 10 12")z 
M = 193365 al) eee (2) 
(T,)? P; Rp 


The weight of air flowing through an orifice depends on the pres- 
sure P in the throat of the orifice; if the orifice ends at the throat sec- 
tion, the pressure in the throat and the pressure on the exit side of the 
orifice P, are identical. For any given type of orifice the ratio of the 
pressure P in the throat to the pressure on the inlet side P,, remains 
constant as long as the pressure on the exit side Pz: is equal to or less 


*G. A. Goodenough, ‘Principles of Thermodynamics.” 
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: BR 
than P, the pressure in the throat. The value of this ratio is 0.53; 


1 
that is, P = 0.53P, as long as P» is equal to or less than 0.53P). 

For all cases where P» is greater than 0.53P;, the pressure in the 
throat P becomes equal to the pressure on the exit side P». The value 
of P that is equal to 0.53P, is called the critical pressure. 

Since all orifices discharged into the atmosphere where the pres- 
sure remained practically constant at 14.5 to 14.7 lb. per sq. in. abs., 
it follows that for all pressures P, less than 27 lb. per sq. in. abs., the 
throat pressure P becomes equal to the atmospheric pressure P:. By 
substituting the value 0.53 for the rations Equation (2) will be re- 
duced to 


(Taye (3) 


which applies in all cases where P; is higher than 27 lb. abs. while dis- 
charging into the atmosphere. 


5. Fliegner’s Formula.*—Equation (3) is the same as Fliegner’s 
formula for the weight of air in pounds per minute when P, is below 
the critical pressure, or when P; is more than 27 lb. per sq. in. abs. 
while discharging into the atmosphere. 

Fliegner’s formula for conditions such that P»2 is above the critical 
pressure, or where P, is less than 27 lb. per sq. in. abs. when discharg- 
ing into the atmosphere, is 


a \ 
M = 63.6 (py: [P2 (Pi — P2)] (4) 


where the symbols have the same meaning as before. 


2 
By substituting oa for (a), where d is the throat diameter in 


inches, Equation (3) becomes 


24.98 d? P; 


Cy 2 


where P; is greater than 2P;, and Equation (4) becomes 


*See References 4 and 10 in Bibliography. 
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49.95d? 
(ioe 


[P2 (Pi — Ps) ]} (6) 


where P; is less than 2P2. 

It is conceivable that the critical ratio may not be 0.53 for various 
shapes of orifices, and the question may arise as to what discrepancy 
will be introduced in such cases. As a basis for comparison* Equation 
(2) may be made to equal (4) by replacing the constant 63.6 by 6, 
a coefficient, and determining its value for various pressure ratios. 


10 abo Fam ia © 
Pia P We P 7 2 ba 
123.36 rat (eatin Weed feet: = ——.| P, (Pi — P.) |? 
(T)" @ (2 crib 2 (Pi 2) | 
P, 
—'= 0.5 0.6 0.7 0.8 0.9 
Re 
b = 63.66 64.38 64.86 65.28 65.58 


This would indicate that Fliegner’s formula (Equation 4) gives a 
discharge of from 1 to 3 per cent less than Equation (2). As will be 
seen by Tables 17 and 18, the results of the tests show that the co- 
efficients are smallest for small inlet pressures and increase as the 
pressure is increased. The coefficients also increase as the orifice di- 
ameter is increased. This is contrary to the deduction given above. 


Ill. Test Apparatus 


6. General Description—The method of weighing the air dis- 
charged through orifices used in this series of tests was first developed 
and used for calibrating the air measuring instruments employed in 
the Investigation of Warm Air Furnaces and Heating Systems,} as 
conducted by the Engineering Experiment Station of the University 
of Illinois. The weighing tank is charged with air by means of a two- 
stage compressor (Fig. 1). When the tank is charged to the required 
pressure, the valve B (Fig. 3) is closed and the pipe union A is discon- 
nected so that the tank is entirely free at this end. The air is dis- 
charged from the opposite end through a number of copper tubes, %4 
in. in diameter, as shown in Fig. 2. The tubes are approximately 16 
feet in length and have four right-angle bends to insure flexibility. 


*G. A. Goodenough, ‘Principles of Thermodynamics.” 
jSee Univ. of Il. Eng. Exp. Sta. Bul. 120, Chap. VIII, p. 81. 
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Fic. 1 WetcHInc TANK AND COMPRESSOR 


7. Air Weighing Tank and Scale.—The weighing tank (Fig. 3) is 
42 in. in diameter and 13 ft. long, and was designed for a working 
pressure of 300 lb. per sq. in. At this pressure the tank will hold 
about 200 Ib. of air, by weight. The tank is supported on the scale 
platform so that the scale beams are perfectly free and unrestrained. 
It is slightly inclined toward one end so as to facilitate the removal of 
moisture through a drain valve. The pressure in the tank is indicated 
on a pressure gage. 

The scale is a four-ton, heavy-duty, built-in suspended platform 
type. The lever ratio is 500 to 1,-and, since the weighing beam moves 
less than 1 inch, the load platform moves less than 1/500 of an inch. 
Therefore, the change in resistance of the tubing at the discharge end 
of the tank is so small that it has no perceptible effect on the sensi- 
tivity of the scale. 

The movement of the weighing beam was multiplied 91 times by a 
beam of light reflected by a mirror mounted on the weighing beam 
and focused on a graduated scale directly in front of the operator 
when standing at the controlling valves. 

The sensitivity of the scale was determined by the vibration 
method:* (a) with the tank fully charged at 300 lb. per sq. in., and 
(b) with the tank empty. The procedure was as follows: 


*‘Method of Precision Test of Large Capacity Scales,’ Bureau of Standards Bulletin No. 199. 
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Fic. 2. Copper Tusina ConNEcTORS 


1 


An arbitrary reference line was placed on the blank scale near the 
mid-point of the travel of the beam of light as the weighing beam 
was moved from the bottom to the top of the trig loop or stop. The 
scale with its load was then balanced so that the weighing beam would 
vibrate without striking the top or the bottom of the trig loop. The 
distance that the beam of light traveled from the arbitrary reference 
line on two successive upward swings was measured and the two read- 
ings were averaged. The distance traveled by the beam of light 
below the arbitrary reference line on the downward swing, which oc- 
curred between the two successive upward swings, was measured. 
This distance, a negative quantity, was added to the average of the 
two successive upward swings and the result divided by two. This 


1 
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Fic. 4. Ortrice Tank, Controt Vatves, AND MANOMETER 


distance measured from the arbitrary reference line would be the 
position of the beam of light when the weighing beam was at rest. 
The point of rest was determined several times and the mean posi- 
tion was used. Then, without in any way disturbing or changing 
the counterpoises, a half-pound weight was placed on the scale 
platform and a new point of rest determined. 

By dividing the difference in weights on the scale (one-half pound) 
by the distance between the first and second rest points, the ‘‘sensi- 
tivity reciprocal,” or the weight in pounds that will cause the rest 
point to change one inch, was determined. 
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It was thus found that 0.063 Ib. added to the scale platform would 
change the rest point one inch when the tank was empty, and 0.064 
Ib. when the tank was fully charged. As a further test of the sensi- 
tivity, a weight of 0.2 lb. placed on the scale platform caused a de- 
flection of the beam of light of 3.15 in. This method of checking was 
used at intervals to determine if the sensitivity had changed. 


8. Orifice Tank, Manometer, and Thermometers.—The orifice tank 
(Fig. 4) is 6 ft. in length and 24 in. in diameter, and was designed for a 
working pressure of 75 lb. per sq. in. It contains two baffles, one at 
the entrance to break up the stream of the incoming air, and the 
other, a screen baffle at mid-section, to quiet eddy movements. The 
general arrangement of the orifice tank and controls is shown sche- 
matically in Fig. 3. The air was throttled through the manifold and 
into the orifice tank at the desired pressure. This pressure was indi- 
cated on the manometer M and the temperature by the thermometer 
T. The manometer is of the single leg reservoir type, and is connect- 
ed at a point 7 inches from the end of the orifice tank in which the 
orifices are placed. The area of the reservoir basin is 4.91 sq. in. and 
the area of the glass manometer tube about 0.078 sq. in., so that when 
the liquid in the manometer read one inch on the steel scale the actual 
distance between liquid surfaces was 1.0159 in. This difference is ap- 
preciable, and the correction was made. The liquid level in the man- 
ometer was illumined by a small shaded electric light and the en- 
tire manometer was adjustable so that the liquid level could always 
be placed on a level with the eye of the operator. 

All thermometers used were calibrated by comparison with a 
standard thermometer. A bare thermometer was used in the orifice 
tank so that the bare mercury bulb was in direct contact with the air. 
It was placed 16 in. from the end of the tank. Leakage around the 
stem was prevented by the use of a packing gland. The effect of the 
pressure on the mercury bulb would tend to increase the temperature 
reading. However, the effect is slight for low pressures. The cor- 
rection usually applied is 0.01 deg. F. per lb. per sq. in. of pressure.* 
Since the maximum pressure used was 35 in. of mercury, the correc- 
tion may be omitted. 


9. Orifices.—All orifices used were geometrically similar and all 
dimensions are given in terms of the orifice diameter (see Fig. 5). 
The orifices were carefully machined to templets, and the throat di- 
ameter was measured to 0.0001 in. The insides of the orifices were 


*'Mechanical Engineering,’’ May, 1926, p. 520. 
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Fic. 5. Dimensions or ORIFICES 


made smooth and even by filing, scraping, and the use of fine emery 
cloth. Precautions were taken to make the curvature as nearly 
correct as possible. 


IV. Mernop or Conpuctine TEsts 


10. Leakage.—It was necessary to know the rate of leakage 
throughout the entire apparatus. This was determined in two steps: 
first, the leakage of the weighing tank and piping up to the control 
valves; and second, the leakage of the orifice tank and piping from 
the control valves. 

Since leakage is proportional to pressure, it was necessary to deter- 
mine the leakage at a number of different pressures from 300 lb. to 
40 or 50 lb. per sq. in. The amount of air lost was determined di- 
rectly by weighing, as described later. Curves were plotted giving 
loss by leakage in pounds per minute against weighing tank: pressures 
(see Fig. 6). 

In a similar manner the leakage in the orifice tank was determined, 
but at pressures from 35 in. of mercury to 1 in. of water. The loss in 
weight on the scale was the loss from the high pressure part as well as 
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the low pressure part of the apparatus. By subtraction, the loss in 
the orifice tank was determined separately. These results were 
plotted as described for the high pressure leakage (see Fig. 7). 


11. Method of Weighing;* Use of Substitute Weights.—The follow- 
ing procedure was used in determining the weight of air discharged 
through an orifice during a test. 

The weighing tank (see Fig. 3) was charged to a pressure of about 
300 lb. per sq. in. gage. Valve B was then closed and union A dis- 
connected so that the tank was entirely free at that end. The weigh- 
ing tank then rested freely on the scale except for the copper tubing at 
the opposite end, which was connected to the orifice tank. A drain 
valve at the bottom of the weighing tank was then opened for a short 
time to remove any moisture that might have collected. The weigh- 
ing beam on the scale was underbalanced so that it remained at the 
top of the trig loop. The amount of underbalance (1 to 10 lb.) de- 
pended on the rate of flow and, consequently, the time required for 
securing the proper pressure in the orifice tank. As the scale beam 
approached equilibrium the beam of light moved toward its mid- 
position giving a warning to the observers, who started their stop 
watches as the beam of light passed its mid-position. The operator at 
the control valves continued to regulate the pressure in the orifice 


«Weighing by Substitution,’ Bureau of Standards, Bulletin 430; Univ. of Ill. Eng. Exp. Sta, 
Bul. 120. 
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tank to keep the pressure at the required amount, thereby maintain- 
ing a steady rate of flow. Another operator then placed standard 
weights (2 to 100 lb.) on the scale platform without disturbing or in 
any way changing the counterpoise weights on the scale beam. This 
again made the scale beam underbalanced by the amount of the 
weights put on the scale platform minus the weight of air discharged. 
When finally a weight of air had been discharged equal to the sub- 
stituted weights, the scale beam again approached equilibrium and 
the beam of light started to move. As it crossed its mid-position the 
observers stopped the stop watches and recorded the elapsed time. 

By the use of this method errors or variations due to the “break” 
of the scale beam were avoided, since the scale beam was floating 
freely at its mid-position at the beginning and end of the observation 
period. 

The total weight on the scale was the same at the beginning and 
the end when, the scale beam was falling or approaching mid-position. 
The beam of light had a full travel of more than 24 in. and hence 
moved 12 in. before crossing its mid-position, thus giving ample 
warning to the observers. The mid-position of the travel of the beam 
of light corresponded closely to the position of equilibrium of the scale 
beam as determined by the tests for sensitivity, hence the scale beam 
was very close to equilibrium at the beginning and the end with the 
same total load on the scale. Since the rate of discharge was kept 
constant during the observation period, the rate of movement of the 
beam of light was the same at the beginning and end of the period. 

Before starting these tests it was decided that no readings would 
be used that showed a variation of more than 0.5 per cent from the 
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mean. All tests were duplicated and all elapsed time was checked 
independently by two observers with stop watches. The standard 
weights were checked and found to be correct within 50 grains in 
50 lb. It was found that the scales were affected by vibration caused 
by certain machines in the laboratory and by heavy trucks passing on 
the street 75 feet away. It was necessary, therefore, to avoid testing 
during the time these machines were running in the laboratory. If 
the results were affected by a truck passing, it became necessary to 
re-run that particular test. For tests made on the 14-in. and 3%-in. 
orifices, at low pressures particularly, the discharge rate was so slow 
that friction in the scales did not permit a clean ‘‘break”’ of the light 
beam nor a continuous movement of the beam. To avoid this diffi- 
culty, three orifices placed in parallel 81% in. from center to center 
were used. A considerable number of runs were made at night when 
less disturbance was encountered. No difficulty was experienced in 
maintaining the required pressure in the orifice tank. 

The cross hair on the manometer slide was set at the required 
point on the steel scale, and the adjustable light and the vertical height 
of the manometer liquid were brought to the level of the eye of the 
observer. For the higher pressures in the orifice tank mercury was 
used as the manometer liquid. For lower pressures water was used, 
and for pressures less than 3 in. an inclined Ellison draft gage was 
employed. The total range of pressures was from 1 in. of water to 
35 in. of mercury. A thermometer was fastened to the manometer 
column to indicate the temperature of the manometer liquid. The 
height of the manometer liquid was indicated on a steel scale grad- 
uated to 0.01 in. The scale was adjustable, and could be set to zero at 
the top of the liquid when the pressure tube was disconnected. 

The manometer reading was not corrected to standard conditions. 
Since the highest room temperature observed during the tests was 
90 deg. F., the difference between this and standard conditions is only 
30 deg. F. Using this difference with the highest manometer reading 
and the smallest orifice, a maximum error of 0.15 per cent is obtained. 
The error for smaller manometer readings or for larger orifices will be 
correspondingly less. Since the average room temperature was be- 
tween 80 and 85 deg. F., a still further reduction in the error occurred 
for the majority of the tests. Loss due to leakage was corrected, so 
that no error was introduced thereby. The accuracy of these results 
may be affected by (1) variations in pressure of air in the orifice tank; 
(2) variations in temperature of air in the orifice tank; (3) variations 
in observation of the time of flow. Since these variations were kept 
within one-half per cent it is considered that the results are correct to 
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that extent, because tests were duplicated purposely many times, 
with the results agreeing within one-half per cent of the original re- 
sults. Duplicate 14-in., 34-in., and 34-in. orifices were made, and 
tests show that results from these duplicate orifices check closely. 


V. CALCULATIONS 


12. Corrections.—In calculating the weight of air discharged two 
corrections were made, for the leakage of air from the apparatus, and 
for the error introduced by the pressure drop in the pipe line from the 
weighing tank to the control valves. 

In all cases the loss by leakage was a small part of the air dis- 
charged. However, the loss for the mean pressure existing in the 
weighing tank and the orifice tank was subtracted from the total 
weight discharged. 

In correcting for the pressure drop a constant temperature of 75 
deg. F. was assumed for the air in the pipe line between the weighing 
tank and the control valves in the regulating manifold. The error in 
this assumption is negligible, since the total pressure drop correction 
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is comparatively small. This correction was calculated by the perfect 
gas law and was added to the total weight discharged. Thus 


V 
M= BT (P; — Py) (see curve, Fig. 8) 


where M = correction, pounds. 
V = volume of pipe line, 0.817 cu. ft. 
P, = initial pressure in weighing tank and pipe lines, lb. per 


sq. in. 

P, = final pressure in weighing tank and pipe lines, lb. per 
sq. in. 

T = temperature of air, assumed 535 deg. F. abs. 


B = gas constant for air, 53.34. 
The velocity of approach was assumed negligible, since the great- 
est velocity through the orifice tank was 1.1 ft. per sec. This would 
give no appreciable velocity head. 


13. Standard Conditions.—The standard conditions adopted in 
this work are: barometric pressure of 29.921 in. of mercury and tem- 
perature of 60 deg. F. The results were reduced to standard con- 
ditions as follows: 

Writing Equation (4) for standard conditions 


M’ = 636-74 [Pe (Pi — Px’)? (7) 
—= ‘e CP): 2 ( igae 2’) 


in which M’ = weight of air discharged into atmosphere under stand- 
ard conditions, lb. per min. 
a = area of orifice, sq. in. 
T,’ = standard temperature of air entering orifice, that is, 
60 deg. F. = 520 deg. F. abs. 
P,’ = pressure of air on inlet side of orifice, lb. per sq. in. 
abs., referred to 29.921 in. of mercury. 
P,’ = pressure of air on exit side of orifice, that is, standard 
barometric pressure, lb. per sq. in. abs. (29.921 
in. of mercury). 


For the actual test conditions, Equation (4) is 


g ; 
M = 63.6 pai LPs (Pi — P2) | (8) 
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where T'; = observed temperature of air entering orifice, deg. F. abs. 
P, = pressure of air on inlet side of orifice, lb. per sq. in. abs. 
referred to barometric reading. 
P, = pressure of air on exit side of orifice, barometric reading 
in lb. per sq. in. 
The ratio of the weight M’ discharged under standard conditions 
to the weight M discharged under test conditions is | 


Ms (Ti)! alge Psi 
M (9,9 [Ps (P: — Ps) } o 
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The pressure difference P; — P, = P,' — P,' is actually the same for 
both conditions, since it is the manometer pressure, and Equation (9) 


will reduce to 
Mir Taps 


M7 | TP, 
taetg eeeh 11 
glee Pe oe 


This correction applies to conditions where the pressure on the exit 
side of the orifice is more than the critical, or where the inlet pressure 
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Fig. 11. Conrricient Curves ror Various Oririces Usinc Water MANOMETER 


P, is below 27 lb. per sq. in. abs. when discharging into the atmos- 
phere. 

In a similar manner the correction may be made to apply to 
Equation (3) and becomes 


Mr ; 12 
= vee (bey ( ) 


This correction applies to conditions where the pressure on the exit 
side of the orifice is less than the critical, or where the inlet pressure P; 
is more than 27 lb. per sq. in. abs. while discharging into the atmos- 
phere. 

The weight of air discharged has been converted into cubic feet on 
the assumption that the air was dry. 


14. Coefficients.—In this work the results of the tests have been 
compared with Fliegner’s formula, and coefficients determined as 
given in Tables 17 and 18 and curves in Figs. 11 and 12, for inlet 
pressures from 1 in. of water to 35 in. of mercury. The relation is 


M” = CM’ 


where M” = the weight of air in lb. per min. discharged through the 
orifice from the weighing tank, under standard 
conditions. 


M' = the lb. of air per min. as computed by Fliegner’s for- 
mula, under standard conditions. 
C = the coefficient as determined by these tests. 
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For conditions where the pressure P» on the exit side of the orifice is 
more than the critical (or the inlet pressure P; is less than 27 lb. per 
sq. in. abs. when discharging into the atmosphere) the weight of air 
discharged is (from Equation 4) 


a 
M" = CM’ = C X 63.6 Gp [Pi (Py =P.) |} (13) 
1 


For conditions where the pressure P, on the exit side of the orifice is 
less than the critical (or where the inlet pressure P; is more than 27 
Ib. per sq. in. abs. when discharging into the atmosphere) the weight 
of air discharged is (from Equation 3) 


IP 


(T)! 


M"’ =CM’' =C X 318 (14) 


15. Sample Calculations.*—(a) Fliegner’s formulas for standard 
conditions are: 


Wee (15) 
Sie Cn 
and 
a 
ii ! PF bai n\ |F 
M’ = 63.6 Gone? P| (16) 


*All sample calculations are made for the 14-in. orifice, area = 0.19697 sq. in. 
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where M’ = weight of air discharged into atmosphere under standard 
conditions, lb. per min. 
a = area of orifice, sq. in. 

T,’ = absolute temperature of air entering orifice under stand- 

ard conditions, that is, 520 deg. F. abs. 

P,’ = pressure of air on inlet side of orifice, lb. per sq. in. abs. 
referred to standard barometric pressure of 29.921 
in. mercury = 14.696 lb. per sq. in. 

pressure of air on exit side of orifice, that is, standard 
barometric pressure, lb. per sq. in. abs. (14.696 lb. 
per sq. in.) 


a 
f 


Constants used are: 


0.489789 = constant transferring inches mercury at 60 deg. F. to lb. 
per sq. in. (Smithsonian Tables) 
0.0361934 = constant transferring inches water at 60 deg. F. to lb. 


per sq. in. (Smithsonian Tables) 


At 30 in. mereury, by Equation (15) 
(29.921 + 30) X 0.489789 
V/520 


M’ = 31.8 X 0.19697 x 
= 8.0618 lb. per min. 


At 15 in. mercury, by Equation (16) 


, 93.6 0.19697 : 
M' = 0/520 [14.696 (15) x 0.489789]' 


= 5.7083 lb. per min. 


At 15 in. water, by Equation (16) 


yr — 83:8.X 0.19697 Reere : 
& Ea .696 (15) X 0.0361934] 


= 1.5520 lb. per min. 


(b) The experimental results are as follows: 


M" = 7 SEU (17) 
where m = air discharged, lb. 

t = duration of test, minutes. 
correction factor to standard conditions. 


° 
ll 
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When the pressure on the exit side of the orifice is less than the 


critical 
Poel gels 
ae aed Pac 18 
[By ia 
and when the pressure on the exit side of the orifice is more than the 
critical 
Pag Pols 
Oe ihr ay ah (19) 


where P,’ = pressure on inlet side of orifice, referred to barometric 

pressure of 29.921 in. mercury, lb. per sq. in. abs. 

P, = observed pressure on inlet side of orifice, lb. per sq. in. 
abs. 

P,’ = standard barometric pressure, 29.921 in. mercury. 

P, = observed barometric pressure, in. mercury. 

T,’ = standard temperature, 520 deg. F. abs. 

T, = observed temperature on inlet side of orifice, deg. F. abs. 


For observation No. 15, Table 10 (inlet pressure more than two times 
exit or atmospheric pressure) 
m = 50 — leakage + pressure drop correction 
Leakage = sum of orifice tank leakage at 30 in. mercury and weigh- 
ing tank leakage at the average pressure for the test 
multiplied by duration of test. (Leakage from 
curves in Figs. 6 and 7 = 0.02865 lb.) 
Pressure drop correction = 0.335 lb. (from Fig. 8). 
m = 50 — 0.02865 + 0.335 = 50.30634 Ib. 
t = 6.4466 min. 


From Equation (18) 
(29.921 + 30) x 0.489789 yes 
(29.47 + 30) X 0.489789 520 


From Equation (17) 


a es 1.03329 = 8.0632 Ib mi 
M" = 6.4466 Xe ls = §, . per min. 


= 1.03329 


For observation No. 9, Table 10 (inlet pressure less than two times 
exit or atmospheric pressure) 
m = 29.995 — 0.020009 + 0.205 = 30.18999 Ib. 
t = 5.44166 min. 
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From Equation (19) 
8 x 29.921 


F Mi Cais ee 
.18999 . 
MY = ae X 1.03306 = 5.7313 lb. per min. 


(c) The coefficient for Fliegner’s formula is 
M” (Experimental Results) 


M’ (From Fliegner’s Equation) 

For observations Nos. 15 and 16, Table 10, 
8.0539 
~ 8.0618 


C= 


= 0.99902 


VI. . Discussion oF RESULTS 


16. Accuracy of Results.—The results have been tabulated in 
Tables 1 to 14, as well as plotted for comparison in Figs. 9 to 12, in- 
clusive. Since in the tests on the 4-in. and 3¢-in. orifices three ori- 
fices were used in parallel, the total discharge was divided by three to 
determine the discharge curves, Figs. 9 and 10, for those particular 
orifices. 

Referring to Tables 1 to 14, inclusive, it may be noted that in no 
case does the deviation in ‘‘time in seconds” for duplicate tests vary 
more than one-half of one per cent and that the average variation is 
approximately two-tenths of one per cent. This average was slightly 
lower for tests made with the mercury manometer than for those 
made with the water manometer. 

In Tables 1 to 7, inclusive, the pressures on the inlet side of the 
orifice are given in inches of water, from 1 in. to 35 in. In Tables 8 to 
14, inclusive, the pressures on the inlet side of the orifice are given in 
inches of mercury, from 1 in. to 35 in. 

Referring to the curves in Figs. 11 and 12, and to Tables 17 and 18 
giving the coefficients as applied to Fliegner’s formula, it is observed 
that the coefficients are smaller for the lower inlet pressures than for 
the higher inlet pressures. This indicates that Fliegner’s formula 


Ps 


gives values too high where the ratio P approaches unity. This may 
1 


be due to the fact that, with reduced velocity, friction is more effective 
near the wall of the orifice.* 
*Experiments by Bean, Buckingham, and Murphy, in Research Paper No. 49 of the Bureau of 


Standards, show the same effect at low velocities. This is attributed by the authors to skin effect or 
drag at the wall of the orifice. 
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| Referring to Fig. 11, it is seen that the coefficient increases as the 

diameter of the orifice increases. This is also true for the lower pres- 
sures shown in Fig. 12. It may also be observed from Fig. 12 that, 
for all orifices 14 in. and larger, the coefficients agree so closely that 
one curve suffices for these orifices. It should be noted that, due to 
the rather low range of pressures (35 in. of mercury) used in these 
tests, Flegner’s formula 


, g fe ! N\ |3 
M’ =C X 68.6 (7, [P. CEs — P,’) }} 


applies to all cases where the inlet pressure P is less than 26 in. of 
mercury in the manometer. Considering that this formula is em- 
pirical it gives rather remarkable agreement. For the lowest coeffic- 
ient determined by these tests, one inch of water for the 14-in. orifice, 
Fliegner’s formula gives results 6.2 per cent high. For the largest 
coefficient, at 5 and 10 inches of mercury, Fliegner’s formula gives 
results about 0.5 per cent low. 

The apparent contradiction as to the change in the coefficient 
determined by tests compared with the change discussed on page 9, 
where Fliegner’s formula is compared with the theoretical adiabatic 
flow for various values of = , has been observed by others, particularly 
in the flow of steam through nozzles.* No explanation of this dis- 
crepancy can be given at this time. 

Tables 15 and 16 give the mean discharge in pounds per minute of 
weighed air per sq. in. of orifice; inlet pressures are given in inches of 
water and mercury, respectively. 


VII. ConcLusions 


17. Summary of Conclusions.—The general conclusions that may 
be drawn from this investigation are as follows: 

(1) The weight of air discharged through orifices with 
rounded approach agrees very closely with that calculated by the 
use of Fliegner’s formulas for the range of inlet pressures used in 
this investigation, namely, 1 in. of water to 35 in. of mercury. 

(2) The coefficients as applied to Fliegner’s formulas show a 
more rapid change for low pressures on the inlet side of the orifice 
and for small orifices. As the inlet pressure is increased and as 
the orifice diameter is increased, the value of the coefficients 


*“Northeast Coast Institution of Engineers and Shipbuilders,’’ February 18, 1921. 


44 


ILLINOIS ENGINEERING EXPERIMENT STATION 


tends to become more uniform. Due to the rapid change in the 
value of the coefficient at low heads, interpolation cannot be 
made as definite as at the higher heads, where the value of the 
coefficient is more constant. It is, therefore, not advisable to use 
this type of orifice for pressures on the inlet side of the orifice less 
than 10 in. of water, unless the orifice is carefully calibrated for 
the required condition. The change in the value of the coeffi- 
cients is slight for inlet pressures above 10 in. of water for pres- 
sures up to 35 in. of mercury, the limit of this investigation. 

(3) It is advisable to use water or oil as the manometer liquid 
for all pressures within the limit of the manometer. For the 
higher pressures mercury should be used. However, mercury 
should not be used in glass tubes less than 3-in. in inside di- 
ameter. Capillary tubes of 2 to 3 millimeters inside diameter are 
likely to introduce considerable lag in movement both up and 
down. 

(4) The use of Fliegner’s formulas with a coefficient of unity 
for inlet pressures between 1 in. of water and 35 in. of mercury 
may introduce errors ranging from 6.2 per cent too high to 0.5 
per cent too low. 

(5) The type of orifice used is not difficult to produce, and the 
results of tests on duplicate orifices agree closely. 

It should be noted that the effect of humidity has not been taken 


into consideration in this investigation. 
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